A new method is proposed for the simultaneous determination of thermal conductivity, thermal diffusivity and specific heat for high-temperature materials by use of a hot strip. The principle of this method is based on the two solutions of the Fourier's partial differential equation solved under the different conditions of time. The temperature increase with time is proportional to logarithm of time for a long-time measurement.
Thermal conductivity, thermal diffusivity, and specific heat of oxides at high temperature are very important thermophysical properties scientifically as well as industrially. Scientifically, these properties would give both structural and thermodynamic informations of substances. Industrially, for example in steelmaking, the properties are necessary to analyze the rate of heat transfer during refining and casting processes. Recently, also in the semiconductor industry, SOI (Silicon-on-Insulator) technology requires the three thermophysical properties of oxides and nitrides for the purpose of the process simulation.
On the basis of the above background, the three thermophysical properties of oxides have been measured. The reports on high-temperature measurements, however, are very few due to the difficulties to maintain stably the shape of experimental cells and to elliminate the influence of convection and radiation. Table 1 summarizes a part of previous studies on specific heat and heat content of oxides at high temperature(1)- (12) . In the past, the measurements were performed mostly by the dropcalorimeter (1)-(3)(6)(7)(9) with very high accuracy.
Recently the measurements were carried out by the laser-flash method(8)(10) (11) which was yielded by the advance of laser-and computertechnology.
The method also permits to determine simultaneously the three properties within one second but it inevitably requires the correction of the influence of radiation.
On the other hand, Gustafsson et al. (13) (1) The three thermophysical properties can simultaneously be determined.
(2) The influence by radiation is negligibly small.
(3) The cell construction is very simple. With the use of this hot-strip method, Gustafsson et al. (13) - (17)_have determined with high accuracy the three thermophysical properties of fused-SiO2, liquid glycerine, and many other substances. Their method for analysis is based on the strict solution of the Fourier's equation. Namely, they have determined the properties as the parameters which give the best reproduction of observed response-curve of the voltage change with time on the strict solution of the Fourier's equation by a trial and error basis. But no high-temperature measurements are carried out.
Conventionally, a measuring method gave a single property with high accuracy, i.e., specific heat was measured by the dropcalorimeter and thermal conductivity by the hot-wire method. If a method could give the three thermophysical properties simultaneously, the method will be best. In general however, simultaneous measurements of different properties are believed to involve much larger errors than an independent and separate measurement of one particular property. Thus, it is very difficult to simultaneously determine the (2) The hot-strip method is applied to the high temperature measurement. For the present purpose, we first discuss two solutions of the Fourier's partial differential equation solved under the different conditions of time. Second, thermal conductivity, thermal diffusivity, and specific heat of 30Na2O-7OSiO2 sample are determined over the wide temperature range of 300-1500K. Finally, the results of the present work are compared with those of other work and the validity of this hot-strip method is discussed.
Principle
As shown in Fig. 1 where k is the thermal diffusivity of the sample and t is the time. The geometrical condition of the heater is expressed by eq. (2).
Equation (1) is solved under the following conditions:
(1) The initial temperature of the sample is fixed.
(2) The heat content of the heater is negligib le.
(3) The heat generation (Q) per unit length of the heater per unit time is constant, independently of the time.
(4) The physical properties are not changed during the measurement. Carslaw and Jaeger (18) troller. The measurements were started in homogeneous liquid state at about 1500K under air. Then, the temperature was decreased step-wise intervals of about 100K and cooled finally to about 350K. The measuring time was about 30s. About four measurements were carried out at the same temperature at intervals of about 900s.
Sample
In order to establish the method for simultaneous determination of the three thermophysical properties, 30Na2O-70SiO2 (mol%) glass was used as the sample in this work, because its physical properties had been known.
The raw materials were powder reagents with high purity. SiO2 was dried in the furnace at about 1000K for 90ks. Na2O was mixed to SiO2 as Na2CO3, which was sufficiently dried in the oven at about 400K. When powders of SiO2 and Na2CO3 were directly charged to the crucible as shown in Fig. 4 , many bubbles remained even after the complete melting. Therefore, after these reagents were well mixed, the sample was homogeneously premelted in a dense alumina crucible with an induction furnace under air, and after degassing, it was quenched and crushed. The crushed pieces were used for the measurements.
The sample composition is estimated at 30Na2O-70SiO2(mol%) from the charge composition of SiO2 and Na2CO3.
Relation between measured voltage and time
The approximation eqs. (7) and (11) long time and for short time, which were obtained by the same measurement.
In 
Measurement of thermal conductivity
and thermal diffusivity, and estimation of specific heat Figure 7 shows the thermal conductivity of 30Na2O-70SiO2 as a function of temperature. The same tendency is observed with respect to the temperature dependence. This fact suggests that the accuracy of the present hot-strip method is comparable with that of the hot-wire method with respect to the thermal conductivity. The thermal conductivity increases in the low temperature range below 1000K but decreases in the high temperature range with increasing temperature. In the figure, the results with the laser-flash method by Ohta et al. (21) are also plotted. Their results show that the thermal conductivity always increases with increasing temperature over the range of 900 to 1400K. Figure 8 shows the thermal diffusivity K as a function of temperature. The thermal diffusivity is nearly constant in the low temperature range, but decreases with increasing temperature at high temperature. Figure 9 shows the specific heat by J/m3 • K, which is estimated by thermal conductivity and thermal diffusivity. The specific heat increases with increasing temperature within the temperature range of this experiment. But in the high temperature range above 1300K, small values of specific heat were sometimes measured. We discuss this cause later. Figure 10 shows the specific heat by J/g.K, 
Experimental errors (1) Scattering error
The experimental errors for thermal conductivity and thermal diffusivity can be considered to be dependent on the temperature-and timelevel. Especially, the error for thermal diffusivity determined by a short-time measurement would be strongly influenced by the time-level. But in the present work, the scattering errors are very large. Accordingly, we discuss only the scattering errors.
Figures 7, 8 and 9 reveal the scattering errors of thermal conductivity, thermal diffusivity and specific heat, respectively. The scattering error for the thermal conductivity is about 10%, comparable to that by the hot-wire method. But the scattering errors for the thermal diffusivity and the specific heat are very large, about 50%, as expected. The error for specific heat cannot be decreased to the magnitude of that by the drop-calorimeter. The magnitude of these errors can probably not improved even if more experiments are carried out.
The typical voltage change measured for the first 1s is about 10mV, while the noise level reasonably difficult to curve-fit such a response-curve contaminated with noise. Therefore, we estimate that the large scattering errors is maybe due to the noise in signal voltage. If the noise could be reduced, the scattering errors may be improve to some extent. And optimizing the material and the shape of the hot strip will be able to also reduce the scattering errors to some extent. But generally optimizing would be very complicated and difficult because the workability in fabricating experimental cells and the mechanical strength must be taken into account.
(2) Influence by leakage current As shown in Fig. 4 , the uncovered stripheater of Pt was dipped into the liquid glass with electrical conductivity in this study. Therefore, a part of supply current is con- and the sample(25) (2) If the interface resistance is taken into account, the leakage current can be considered to be much lowered. Because of the above reasons, we have considered that the influence by the leakage current can be negligible within the scattering error of the measurements from the results with the hot-wire method shown in Fig. 7 .
Since the Pt heater of 1.4mm in breadth and method, the surface area of the strip heater is about 6 times larger than that of the wire. If the leakage current is not negligibly small, the values of thermal conductivity by the hot-strip method will become considerably larger than those by the hot-wire method. But Fig. 7 shows the good agreement of the values of thermal conductivity with the two different methods. As discussed above, the influence of the leakage current would be negligibly small under consideration of the scattering errors of the measurements and the estimation also in the hot-strip method.
(3) Influence by radiation The heat transfer by radiation increases with increasing the surface area of radiation body. Therefore, radiation would more strongly influence the thermal conductivity by the hot-strip method than by the hot-wire one. Since the error by radiation is estimated to be
about 1 % at 1273K for the hot-wire method (20) , the error for the hot-strip method may be considered to be above 1% from the magnitude of the surface area of the heater. Accordingly, if the radiation strongly influence the thermal conductivity by the hot-strip method, it should become larger than that by the hot-wire method. But Fig. 7 shows the good agreement of the values of thermal conductivity with the two different methods. Therefore, we consider that the influence by radiation also is negligibly small within the scattering error of the measurements and the estimation. On the basis of the above facts, we estimate the cause as follows. The analysis of the Fourier's equation (1) Small values of specific heat measured in high temperatures is estimated to result from the heat content of the strip heater.
Comparison with drop-calorimeter
Generally speaking, the drop-calorimeter is believed to give the heat content of substances at high temperature with the highest accuracy. According to "Handbook of Physical Properties for Molten Iron and Slag" (24) , the dropcalorimeter has the following advantages:
(1) The measurement is relatively easy even at very high temperature.
(2) The accuracy is about 0.1-0.2%. On the contrary, this method has the following disadvantages:
(1) If the phase transformation or the decomposition with slow reaction rate exists during cooling, the measured heat content is sometimes dependent on the cooling rate and the sample weight. (2) This method cannot simultaneously determine the three thermophysical properties. On the other hand, the hot-strip method has the following advantages:
(1) This method permits in-situ measurement at a desired temperature. (2) The three thermophysical properties can simultaneously be determined for very short time of about 20s. (3) The cell construction is very simple. As mentioned in IV.1.(a), since the scattering error of the hot-strip method is large, about 50%, the accuracy cannot reach that of the drop-calorimeter, i.e., 0.1-0.2%. Accordingly, the hot-strip method can be considered to be the one which can relatively easily estimate with acceptable accuracy the specific heat of a material, whose specific heat is unknown. A new method for simultaneous determination of thermal conductivity, thermal diffusivity and specific heat of a glass at high temperature has been proposed by use of a hot strip.
The principle of this measurement is based on the two solutions of the Fourier's partial differential equation solved under the different conditions of time. By virtue of this principle, the three thermophysical properties can be determined by analyzing the short-time and the long-time region of a response curve independently.
With the use of this method, thermal conductivity thermal diffusivity, and specific heat of 30Na2O-70SiO2 slag have been determined over the wide temperature range of 300-1500K. The thermal conductivity is in good agreement with that by the hot-wire method and the scattering error is about 10%. In the low temperature range below 1000K, it increases with increasing temperature but decreases in the high temperature range. The thermal diffusivity is nearly constant at low temperatures but decreases with increasing temperature. The estimated specific heat increases with increasing temperature but the absolute values are 1.1-1.2 times larger than those by the laser-flash method.
The scattering errors for thermal diffusivity and specific heat are about 50%.
The hot-strip method can be used for a simultaneous determination with acceptable accuracy of thermal conductivity, thermal diffusivity, and specific heat at high temperature for materials, whose thermophysical properties are unknown.
